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It is estimated that exposure to radon in Norwegian dwellings is responsible for as many as 300 deaths a
year due to lung cancer. To address this, the authorities in Norway have developed a national action plan
that has the aim of reducing exposure to radon in Norway (Norwegian Ministries, 2010). The plan in-
cludes further investigation of the relationship between radon hazard and geological conditions, and
development of map-based tools for assessing the large spatial variation in radon hazard levels across
Norway. The main focus of the present contribution is to describe how we generate map predictions of
radon potential (RP), a measure of radon hazard, from available airborne gamma ray spectrometry (AGRS)
surveys in Norway, and what impact these map predictions can be expected to have on radon protection
work including land-use planning and targeted surveying.
We have compiled 11 contiguous AGRS surveys centred on the most populated part of Norway around
Oslo to produce an equivalent uranium map measuring 180 km  102 km that represents the relative
concentrations of radon in the near surface of the ground with a spatial resolution in the 100 s of metres.
We ﬁnd that this map of radon in the ground offers a far more detailed and reliable picture of the
distribution of radon in the sub-surface than can be deduced from the available digital geology maps.
We tested the performances of digital geology and AGRS data as predictors of RP. We ﬁnd that digital
geology explains approximately 40% of the observed variance in ln RP nationally, while the AGRS data in
the Oslo area split into 14 bands explains approximately 70% of the variance in the same parameter. We
also notice that there are too few indoor data to characterise all geological settings in Norway which
leaves areas in the geology-based RPmap in the Oslo area, and elsewhere, unclassiﬁed. The AGRS RPmap
is derived from fewer classes, all characterised by more than 30 indoor measurements, and the corre-
sponding RP map of the Oslo area has no unclassiﬁed parts. We used statistics of proportions to add 95%
conﬁdence limits to estimates of RP on our predictive maps, offering public health strategists an objective
measure of uncertainty in the model. The geological and AGRS RP maps were further compared in terms
of their performances in correctly classifying local areas known to be radon affected and less affected. Both
maps were accurate in their predictions; however the AGRS map out-performed the geology map in its
ability to offer conﬁdent predictions of RP for all of the local areas tested.
We compared the AGRS RPmap with the 2015 distribution of population in the Oslo area to determine
the likely impact of radon contamination on the population. 11.4% of the population currently reside in
the area classiﬁed as radon affected. 34% of ground ﬂoor living spaces in this affected area are expected to
exceed the maximum limit of 200 Bq/m3, while 8.4% of similar spaces outside the affected area exceed
this same limit, indicating that the map is very efﬁcient at separating areas with quite different radon
contamination proﬁles.
The usefulness of the AGRS RP map in guiding new indoor radon surveys in the Oslo area was also
examined. It is shown that indoor measuring programmes targeted on elevated RP areas could be as
much as 6 times more efﬁcient at identifying ground ﬂoor living spaces above the radon action levelnryn Campus, Treliever Rd.,
Smethurst).
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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RP map as a guide makes it practical to search for the worst affected homes in the Oslo area: 10% of the
incidences of very high radon contamination in ground ﬂoor living spaces (800 Bq/m3) are concen-
trated in just 1.2% of the populated part of the area.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Fig. 1. Southern Norway and the extent of the airborne gamma ray survey compilation1. Introduction
Radon is a naturally occurring radioactive gas generated in the
ground beneath and around dwellings (Stranden,1986; HPA, 2009).
Radon gas is the most signiﬁcant natural source of human exposure
to ionising radiation and most of that exposure occurs in the home
(UNSCEAR, 2008; WHO, 2009). There is now overwhelming evi-
dence supporting the view that prolonged exposure to radon in the
home is responsible for many new cases of lung cancer each year
(Lubin et al., 2004; Darby et al., 2005, 2006; Krewski et al., 2005,
2006). In an effort to reduce exposure to radon in Norwegian
buildings (Norwegian Ministries, 2010), a radon action limit of
100 Bq/m3 has been deﬁned for new buildings, above which radon
reducing mitigation measures should be implemented. A further
maximum limit has been set at 200 Bq/m3 above which all effort
should be made to reduce radon concentrations. In existing
dwellings, these limits are recommendations and not mandatory.
The amount of radon available to enter dwellings depends on
local geological conditions (Tanner, 1964; Nero and Nazaroff, 1984;
Stranden et al., 1985; Peake, 1988; Nazaroff, 1992; Hutri and
M€akel€ainen, 1993; Albarracin et al., 2002; Sundal et al., 2004a,
2004b), while entry into the buildings depends on their physical
characteristics, their styles of use, and meteorological conditions
(Hubbard et al., 1988; Nazaroff, 1988; Robinson and Sextro, 1997;
Miles, 2001; Font and Baixeras, 2003; Janssen, 2003; Fronka,
2011; Diallo et al., 2015). Despite complex variability in ground
conditions and dwelling properties from one place to another in
Norway, there is clear evidence for a correlation between the
amount of radon generated in the ground around dwellings and the
amount of radon that ends up inside the dwellings to present a risk
to human health (Smethurst et al., 2008a). In radon mitigation, it is
logical to identify affected dwellings and communities through
direct means e measuring radon levels in occupied spaces inside
buildings (Miles, 2001; Dubois, 2005; WHO, 2009). In 2014 the
Norwegian Radiation Protection Authority (NRPA) held 120,880
long-term alpha track measurements of radon concentrations
made in Norwegian dwellings (Strand et al., 1991, 1992, 2001, 2003;
NRPA, 2014). Where indoor measurements are few or irregularly
distributed, and where no dwellings currently exist, it is necessary
to use information on radon concentrations in the ground to
identify areas that might currently be radon prone or could become
radon prone should those areas be developed for human habitation
in the future (e.g. Stranden and Strand, 1988; Sundal et al., 2004b).
Radon in the ground can be detected directly through soil gas
measurement programmes (Pinault and Baubron, 1996; Neznal
et al., 1996, 1997; Winkler et al., 2001; Papastefanou, 2002;
Dubois, 2005; Cinelli et al., 2015) and though airborne gamma-
ray spectrometer surveying (AGRS; Galbraith and Saunders, 1983;
Minty, 1997; Minty et al., 1997; IAEA, 2003), or indirectly through
geochemical investigation (e.g. Bossew et al., 2013), or simply
through the identiﬁcation and delineation of geological settings
typically associated with elevated radon emanation and radon
transport (NGU, 2011; Sundal et al., 2004b). Direct methods with
sufﬁcient spatial detail should outperform indirect methods, but
often the choice of method to use is strongly inﬂuenced by theavailability of data, and the costs and delays associated with
acquiring new data.
The spatial coverage offered by indoor data is currently insuf-
ﬁcient to generate useful radon potential maps for many commu-
nities across Norway. Therefore, the NRPA and Geological Survey of
Norway (NGU) are pooling data resources to generate supporting
RP maps constrained by indicators of radon in the outdoor envi-
ronment. Soil gas measurements are not available in useful number
in Norway, while 11 contiguous high spatial resolution AGRS sur-
veys are available for the most densely populated part of Norway
around Oslo (Fig. 1, Table 1, and Fig. 2). Those AGRS surveys can be
merged and usefully provide a high resolution geogenic radon map
for that heavily populated area e southeast Norway e expressed in
terms of equivalent concentrations of the parent nuclide uranium-
238 (eU; Fig. 3). When the eU map is compared with indoor radon
data from the same area (Fig. 4), it can reliably be transformed into
an RP map covering the entire survey area e where indoor radon
data are available, and also where they are not. The main focus of
the present contribution is to describe how we now generate pre-
dictions of RP from the AGRS data and what impact these pre-
dictions can be expected to have on radon protection work.
Smethurst et al. (2008a) were the ﬁrst to use AGRS data to pre-
dict levels of radon hazard across the Oslo area. That work is now
worth updating because the area covered by survey data is
considerably larger now (Fig. 1), and we have access to twice thecentred on Oslo (blue).
Table 1
Details of the 11 AGRS surveys in the Oslo area that were compiled into a single homogeneous data set by Baranwal for use in the present study.
Survey Year Line spacing (m) Sensor elev.
(m)
Area
(km2)
Reference
Helicopter surveys e Geological Survey of Norway
Siljan 1981 200 E-W 60 300 Håbrekke 1982
Gran 1997 200 N-S 80 404 Beard 1998
Larvik 1997
e1998
100 NE-SW & 150 N75W-
S75E
60 & 80 600 Mogaard 1998
Beard 1999
Oppkuven 1997
e1999
200 E-W 80 832 Beard 1998
Beard and Rønning 1997
Nordagutu 1999 200 N-S 60 385 Mogaard and Beard 2000
Sandefjord 2000 200 E-W 60 690 Mogaard 2001
Hurdal 2000 200 E-W 60 556 Beard and Mogaard 2001
Kongsberg Nord & Sør 2009
e2011
200 E-W 60 2800 Baranwal et al., 2013
Krøderen, Sokna and Hønefoss-2 2011 200 E-W 60
Fixed wing surveys
Oslo regions 1 & 2; Fugro Airborne Surveys 2003 250 & 500 E-W 60 & 100 6000 Fugro Airborne Surveys,
2003
Skien, Kongsberg, Hokksund, Virkesund, Hønefoss-1; Geological Survey of
Sweden
2009 200 E-W 60 980 SGU 2009
Totals
Line length 63,100 km
Area after compilation 13,547 sq. km
Fig. 2. Population distribution in Southern Norway 2015 courtesy of Statistics Norway
indicating a concentration of population in the surveyed area.
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importantly, we have now made an objective assessment of the
predictive power of the method and can offer conﬁdence limits on
predictions of RP. Other studies utilizing AGRS data in radon hazard
assessment include Letourneau et al., 1984; Doyle et al., 1990; Duval
and Otton, 1990; Jackson, 1992; Cocksedge et al., 1993; Schumann,
1993; Walker, 1993; Åkerblom, 1995; Ball et al., 1995; Otton et al.,
1995; Ford et al., 2001; Sundevall, 2003; Appleton et al., 2008,
2011a, b; Drolet et al., 2013).
The NRPA and NGU have also used an indirect method of pre-
dicting the locations of radon prone areas, on a national scale,through the use of existing digital bedrock geology and drift geol-
ogy maps (Watson et al., this volume). This was ﬁrst attempted for
the area around Oslo by Smethurst et al. (2008a, 2008b). Their
earlier analysis was based on what we now consider to be an over
simpliﬁed geological classiﬁcation scheme, and the reliabilities of
geological predictions of radon hazard were largely subjective. The
new national scale analysis of Watson et al. (this volume) includes
an objective evaluation of the predictive power of the resulting
national RP map, similar to our evaluation of the AGRS-based RP
map. This offers us the opportunity to compare the new AGRS-
based RP map for the Oslo area with the contemporary geology-
based map of Watson et al. (this volume). In earlier analyses of
radon hazard in Southeast Norway, Smethurst et al. (2008a, 2008b)
compounded initially separate indicators of radon hazard derived
from indoor radon measurement programmes, AGRS surveying,
and geological inference, into a single all-encompassing binary
measure of hazard: high ormoderate. Although this might be useful
in some circumstances, the outcome is subjective and its founda-
tion in evidence, and hence its reliability, is unclear. We do not
attempt to do this for the AGRS predictions and geology pre-
dictions. Instead we compare them and examine their relative
merits and applications to radon protection work.
We compare the AGRS radon model with the 2015 population
map for Norway issued by Statistics Norway (Fig. 2; http://www.ssb.
no/). This allows us to estimate where radon is currently impacting
the population of Southeast Norway in domestic settings. It also
allows us to demonstrate how the AGRS radon potential model can
be used to substantially increase the rates of detection of dwellings
with high and very high levels of radon contamination.
2. Data sets
2.1. Airborne gamma ray spectrometer surveys
A mosaic of 11 AGRS surveys covers the most populated part of
Norway around Oslo (Fig. 1, Table 1). AGRS surveys record gamma
rays produced through the decay of radon daughter 214Bi and
therefore the surveys are well suited to the detection of radon
(222Rn) in the near surface environment, and because of this, pro-
specting for parent nuclide 238U. Processing techniques beyond the
scope of this paper are used to isolate the signal from the near
Fig. 3. Equivalent uranium (eU) map of the Oslo area based on our compilation of 11 airborne gamma ray spectrometer surveys (Table 1).
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238U decay series (Minty, 1997; Minty et al., 1997; IAEA, 2003).
Although it is the decay of 214Bi that is detected, the equivalent
concentration of 238U (eU) is most frequently displayed on maps,
assuming equilibrium throughout the decay series. The method
only detects radon in the near surface of the ground (Otton et al.,
1995; IAEA, 2003), and radioelement measurements might be
affected by local ground conditions like moisture content (e.g.
Beamish, 2014) and weathering (Dickson and Scott, 1997). The 11
AGRS surveys in Table 1 were ﬂown with ﬂight line spacings be-
tween 100 and 500 m giving them the ability to delineate radio-
metric features on the ground no less than a few hundred metres
across (Tyler et al., 1996; IAEA, 2003). All of the surveys were ﬂown
and processed independently in different years and therefore the
calibrations used to convert gamma counts into eU concentrations
differ slightly between them. For our purposes all surveys must be
brought into a common calibration level, and united into a single
grid data set. The geographically largest data set (Oslo Regions 1and 2 ﬂown and processed by Fugro Airborne Surveys, Table 1)
overlaps the greatest number of other surveys and was used as a
reference data set into which the others were level-adjusted. All
measurements over the interiors of large water bodies were veri-
ﬁed to average zero, and between-survey level adjustment factors
were established using the network of survey overlap areas. The
resulting single grid data set measuring 180 km by 102 km is
depicted in Fig. 3 where eU concentrations in parts per million can
be regarded as relative radon concentrations in the near surface of
the ground.
The highest eU concentrations in Fig. 3 correlate with a variety
of igneous bodies within the Oslo Rift (Ramberg and Larsen, 1978;
Ro et al., 1990; Neumann et al., 2004), granitic bodies in the crys-
talline basement rocks on either side (Slagstad, 2006; Bingen et al.,
2008), and the uranium rich black Alum Shale (Fig. 6; Thickpenny,
1984; Andersson et al., 1985; Stranden and Strand, 1988; Nordic,
2000; Schovsbo, 2002; Ramberg et al., 2008; Schovsbo et al.,
2011; Hade and Soesoo, 2014). Uranium low areas correlate with
Fig. 4. The locations of annual average indoor radon concentration measurements made in ground ﬂoor living rooms and ground ﬂoor bedrooms. 15,667 measurements lie within
the dark green area representing the extent of the AGRS compilation (Fig. 3). 5 km grid cells are coloured according to radon potential. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this article.)
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more maﬁc intrusive bodies.2.2. Indoor radon data
Of the 120,880 annual average radon concentration measure-
ments for Norwegian dwellings held by the NRPA in 2014, 15,698
are geo-referenced and from ground ﬂoor living rooms or ground
ﬂoor bedrooms within the area covered by AGRS surveys around
Oslo (Fig. 4). They have an uneven spatial distribution that to a great
extent reﬂects the uneven distribution of the population in the area
(Fig. 2). Variation in themagnitude of radon values is summed up in
Fig. 5. The light shaded column on the left represents a series of
very low indoor radon measurements rounded down to zero in the
radon database at the NRPA, resulting in reduced frequencies be-
tween 0 and 3.0 on the X-axis. Values range up to 5779 Bq/m3, inthis case on the Alum Shale, and the geometric mean value is
52.5 Bq/m3. 11.4% of values are equal to or exceed 200 Bq/m3 while
0.8% are 800 Bq/m3 ormore. A RP200map based solely on the indoor
data is given in Fig. 4 (RP200: the percentage of radon values equal to
or above 200 Bq/m3; NRPA, 2014). If 30 or more radon data are
required to derive a RP200 value for each 5 km grid cell, the spatial
coverage of the radon potential map is limited. Reckoning within
smaller grid cells would produce a spatially more precise depiction
of radon affected areas, where radon sampling is densest, but
overall areal coverage of themapwould be reduced. Clearly, even in
this most densely sampled part of Norway, there is value in drawing
upon other indicators of radon in the environment, like AGRS
measurements and geological observations, to close the gaps in RP
map coverage.
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The relationship between mapped geology and indoor radon
concentrations in Norway is fully described by Watson et al. (this
volume). We take the result of their analysis and compare it with
our RP model derived from the AGRS data. It is worth recording
here that the geological model is national-scale and based upon
observed combinations of bedrock types and superﬁcial deposit
types following nationally harmonised classiﬁcation schemes used
by the Geological Survey of Norway. Fig. 6 is a simpliﬁcation of the
bedrock part of that scheme in the Oslo area.
3. Statistical methods
We used analysis of variance (ANOVA; Montgomery, 2008) to
estimate the strength of the relationship between indoor radon
concentrations (Fig. 4) and external eU concentrations from AGRS
surveying (Fig. 3). Watson et al. (this volume) also used ANOVA,
along with other methods, to examine the strength of the rela-
tionship between indoor radon measurements and geological set-
tings. Indoor radon values were paired with external eU
concentrations, averaged within 150 m of the dwellings, and par-
titioned into groups according to successive ranges in average eU
values (or in the case of the geology model according to the
geological setting). ANOVA provides a statistical test of whether or
not the group means are all equal. If the group means are not equal
at a suitable level of signiﬁcance, the test implies that radon values
vary according to the property by which they have been grouped
and a relationship of some sort is established. ANOVA partitions the
variance in radon measurements into three components: total, er-
ror and treatment, where the treatment component is derived from
the deviations of radon group means from the grand mean. The
treatment component may be viewed as the portion of the total
variation in radon values that can be accounted for, or explained by,
the eU (environmental radon) grouping structure e the treatment.
ANOVA requires that observations are normally distributed, which
is why we apply ANOVA to the natural logarithms of radon con-
centrations rather than radon concentrations directly (Fig. 5).
ANOVA is a simple statistical method to apply, and computer
implementations are readily available. See Appleton and Miles
(2010) and Appleton et al. (2011b) for other examples of its use in
radon potential mapping.
In the foregoing account of ANOVA we discuss testing for arelationship between indoor radon values and external eU con-
centrations. We also use ANOVA to test for a relationship between
RP200 and external eU concentrations. To do this we group indoor
radon values according to external eU concentrations as before, but
then we further subdivide each group, randomly, to generate
multiple estimates of RP200 for each of the groups. This allows us to
use ANOVA to examine the within and between group variation in
RP200 and estimate how much of the total variation in RP200 can be
explained by grouping indoor radon measurements according to
external eU concentrations.
Our measure of RP200 takes the form of a proportion e the
proportion of radon values at or above the maximum threshold
level in Norway (200 Bq/m3). We might use the higher threshold of
800 Bq/m3 if we are more interested in extreme levels of contam-
ination (RP800). In statistics of proportions, theWilson score interval
with continuity correction method (Wilson, 1927; Newcombe,
1998) enables the derivation of upper and lower conﬁdence
limits on proportions like these. This means that we can report 95%
conﬁdence intervals for most of our estimates of RP, giving the end
users of derived RP maps some indication of the uncertainties
associated with the estimates of radon hazard. If the maps are to be
used to guide spatially discriminatory mitigation work, differences
in estimated RP across the map must be shown to be statistically
signiﬁcant using a method like this.
4. Equivalent uranium concentration in the ground as a
predictor of radon potential
4.1. Visualisation of the relationship between eU and radon
contamination in homes
Fig. 7 shows annual average indoor radon concentrations (Fig. 4)
plotted against external eU concentrations averaged within 150 m
of the dwellings. Clearly, indoor radon concentrations do not in-
crease in a simple fashion with increasing eU concentrations. It is
perhaps more interesting to visualise how the rate of occurrence of
high indoor values, RP, might vary with increasing eU concentra-
tion. To visualise this, indoor measurements were binned into 27
groups of 600 dwellings according to increasing local eU concen-
trations. The percentages of dwellings with indoor radon concen-
trations equal to or above 200 Bq/m3 (RP200) for the bins, as well as
the geometric mean indoor radon concentrations, are plotted
against mid-bin eU values in Fig. 8. The ﬁrst (left) bin has a negative
mid-eU value due to local data levelling issues in the AGRS data
compilation. The plot, enlarged in Fig. 9, shows a very systematic
increase in RP, and geometric mean, with increasing eU concen-
tration in the Oslo area.
It should be noted that in Norway a RP200 value of 20% is used to
separate radon affected areas from less affected areas. Fig. 9 shows
that this threshold value intersects the steepest part of the RP200
curve at around 4 ppm eU, whichmeans that the eU data in the Oslo
area are extremely well suited to differentiating between areas
likely to be radon affected and less affected according to the Nor-
wegian deﬁnition. This is fortuitous and allows us to produce RP200
maps designed around the 20% threshold with greatest conﬁdence.
Geometric mean indoor radon concentrations follow the same
shaped curve as RP200 (Fig. 9).
Othersmight wish to use the correlation in Fig. 8 to convert their
own eUmaps into estimates of RP. We strongly advise against doing
this because eU values in those other maps might not share the
same calibration as our own data compilation, and also differences
in environmental conditions and home-construction and usage
trends between our survey area and any other area might sub-
stantially alter the correlation between eU values and RP. Therefore,
we advocate establishing local correlations between AGRS eU data
Fig. 6. Bedrock geology map of the Oslo area featuring the NNE-SSW Oslo Rift with its associated igneous rock assemblage, ﬂanked on both sides by largely crystalline basement
rocks (simpliﬁed from Lutro and Nordgulen, 2004).
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We used ANOVA to test whether the treatment means of indoor
radon concentrations can be distinguished when the indoor data
are split into 27 groups of 600 values according to increasing ranges
in external eU concentration. Natural logarithms of radon concen-
trations were used. The test demonstrated that the group means
were not all equal at the 0.05 (5%) signiﬁcance level, implying some
kind of relationship between indoor radon concentrations and
external eU levels. The test further suggests that grouping the in-
door radon data according to external eU values accounts for, or
explains, 8.4% of the total variation in the radon data. Fig. 7 shows
why this value is not higher. Radon values tend to increase with
increasing eU, but at each eU range a portion of the indoor values
remains low because some dwellings are very efﬁcient at holdingradon out, and others might let radon in but the radon does not
enter the living spaces where radon measurements were made.
Fig. 8 shows values of RP200 for the 27 bins of 600 data used in
the foregoing ANOVA test. The simple curve in that Figure suggests
that external eU concentrations might explain a substantially larger
portion of the variation in RP200 and geometric mean radon con-
centrations. To test for this, we collected the indoor radon data into
14 groups of 1120 items according to increasing eU concentration.
Each group was further, randomly, sub-divided into 16 sub-groups
of 70 items so that 16 estimates of RP200 and geometric mean could
be calculated for each of the 14 eU-based groups, enabling exami-
nation of within and between group variations in the two quanti-
ties. Natural logarithms of both quantities were used in the ANOVA
tests.
This analysis demonstrated that both RP200 means and geo-
metric mean means were not equal at the 0.05 signiﬁcance level,
suggesting a relationship between eU and both of the quantities.
Fig. 7. The relationship between indoor radon concentration measurements and eU
concentrations in the ground around dwellings.
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levels could explain 87% of the observed variation in geometric
mean indoor radon concentrations and 72% of the variation in RP200
values. These percentages are very high, they conﬁrm visual
assessment of Fig. 8, and show that eU in the Oslo area can certainly
be put to use as a reliable proxy for RP and geometric mean radon
concentrationwhere indoor data are not in sufﬁcient quantity. Care
and consideration of uncertainties are required, however.
For comparison, we performed a similar ANOVA analysis of the
geology model of Watson et al. (this volume). Testing the RP200
parameter was difﬁcult because only 18 of the 273 geological set-
tings with radon data hosted enough radon data to contribute
reliably to the analysis. We grouped radon values by geological
settings where each geological setting has 10 or more separate
outcroppings (map occurrences) with at least 10 radon values in
each outcropping. RP200 values were calculated for each outcrop-
ping, resulting in at least 10 RP200 values per geological setting. This
test indicated that assignment of radon data to the 18 geological
settings accounted for approximately 40% of the observed variation
in the natural logarithms of RP200 values. There is some uncertainty
around this ﬁgure because so few of the geological settings could be
considered in its derivation. The equivalent ﬁgure for the eUmodel
is 72%.5. Converting the eU map into a radon potential map
The clear increase in RP with eU from AGRS measurements
permits the derivation of useful RPmaps from the AGRS data set in
Fig. 3. When generating maps of RP, it is important to consider how
many levels of RP to depict in the map. Only two levels of RP200
separated by a single threshold value at 20% are necessary to depict
radon affected and less affected areas according to the Norwegian
deﬁnition. Realistically, a map might portray up to 10 different
levels of RP while maintaining some statistical separation between
the estimated levels.
For mapping purposes we reduced the number of eU-
constrained groups of indoor radon data from 27 in Fig. 8 to 9 in
Fig. 10 and Table 2. We did this bymanually widening the eU ranges
of groups while ensuring that no group ranges span changes in
curve shape. In this way we went from 27 groups with 600 radon
data in each group to 9 groups containing between 141 and 5481
data (Table 2). Estimates of RP in Table 2 and Fig. 10 are accompa-
nied by 95% conﬁdence intervals generated using the Wilson score
interval method. Four different measures of radon potential are
shown, based on four threshold values for indoor radon0
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Fig. 10. The percentages of radon values above four different threshold levels. Radon
values are grouped according to the external eU intervals detailed in Table 2. 95%
conﬁdence intervals are shown.
Table 2
Statistics for radon data grouped according to external eU level. The percentages of radon values above the four thresholds are plotted against bin mid-eU values in Fig. 10.
Numbers in parentheses are 95% conﬁdence intervals determined using the Wilson score interval method with continuity correction (Wilson, 1927; Newcombe, 1998). 2015
population ﬁgures in column 2 are courtesy of Statistics Norway (http://www.ssb.no/).
eU bin range (ppm) and
zone number
Population
2015
Radon statistics (Bq/m3) Percentage radon values  threshold (and 95% conﬁdence interval)
N Max Median Arithmetic
mean
Geometric
mean
Geometric
SD
100 Bq/m3 200 Bq/m3 400 Bq/m3 800 Bq/m3
0: 1.4 68,487 878 1440 44 73.9 39.5 3.7 22.8 (20.1e25.7) 5.7 (4.3e7.5) 1.6 (0.9e2.7) 0.5 (0.1e1.2)
1: 1.4e2.0 214,165 2723 2507 50 67.9 39.4 3.5 19.6 (18.2e21.2) 5.0 (4.2e5.9) 0.8 (0.5e1.3) 0.1 (0.0e0.4)
2: 2.0e2.7 786,825 5481 1200 50 75.2 43.6 3.6 23.9 (22.8e25.1) 6.5 (5.8e7.1) 1.0 (0.8e1.3) 0.1 (0.1e0.3)
3: 2.7e2.8 3098 757 1600 60 91.2 49.8 3.6 29.6 (26.4e33.0) 9.4 (7.4e11.7) 1.8 (1.1e3.2) 0.5 (0.2e1.4)
4: 2.8e3.4 508,734 2508 1700 60 94.4 49.6 3.9 31.5 (29.7e33.4) 11.5 (10.3e12.9) 2.4 (1.8e3.0) 0.6 (0.3e1.0)
5: 3.4e3.9 82,527 1113 2330 80 144.4 73.0 3.8 43.6 (40.6e46.6) 18.6 (16.4e21.0) 7.5 (6.1e9.3) 1.6 (1.0e2.6)
6: 3.9e5.0 132,881 1279 3150 110 190.1 101.3 3.4 53.8 (51.0e56.5) 29.9 (27.4e32.5) 10.9 (9.3e12.8) 3.0 (2.1e4.1)
7: 5.0e8.5 74,119 787 3100 150 259.7 140.7 3.3 65.7 (62.2e69.0) 39.9 (36.5e43.4) 16.5 (14.0e19.3) 6.2 (4.7e8.2)
8: >8.5 7358 141 5779 310 604.0 287.2 3.5 76.6 (68.6e83.1) 64.5 (56.0e72.3) 40.4 (32.3e49.0) 19.9 (13.8e27.6)
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based on thresholds at 200 and 800 Bq/m3 (RP200 and RP800
respectively).
The RP model for eU in Table 2 can be represented in map form
by replacing mapped eU values in Fig. 3 with corresponding RP200
values from Table 2. Fig. 11 (left) shows a close-up view of the eU
map rendered according to the 9 eU intervals in Table 2 (the town of
Kongsberg and outcrops of the Alum Shale are in the Northwest).
Translating all of the spatial detail in the eUmap (Fig. 11, left) into a
RPmapwould result in a false sense of high spatial resolution in the
model estimates of RP. Fig. 11 (right) shows the eU map in a
simpliﬁed form after the shortest wavelength features have been
removed using a 250 m low-pass ﬁlter, and after boundaries be-
tween areas with contrasting eU levels have been simpliﬁed and
sharpened through the application of an 800 m radius majority
ﬁlter. A majority ﬁlter replaces grid cell values with the dominante
most frequently occurring e grid cell value in contiguous neigh-
bouring cells.Fig. 11. Left: Portion of the eU grid data set of Fig. 3 coloured according to the eU interval
interval 8 (>8.5 ppm) is red. Right: Simpliﬁcation of the left image. (For interpretation of th
this article.)The simpliﬁed version of the eU data set for the Oslo area is
rendered according to corresponding RP200 values in Fig. 12. Esti-
mates of RP200 from Table 2 are shown along with their 95% con-
ﬁdence intervals in the legend. It is important to register at this
point that the conﬁdence intervals on the map relate to the overall
RPs in the areas occupied by the 9 eU ranges (or eU zones) region-
wide, not locally. Also note that the legend items are listed in order
of increasing eU interval from bottom to top. The two lowest legend
items do not follow the general trend of increasing RP200 upwards;
however the difference in RP200 between the two is not signiﬁcant.
Fig. 12 is a useful form of RPmap, offering qualiﬁed estimates of RP
across all of the Oslo area, which compliments well the spatially
restricted RP grid map based solely on indoor radon data in Fig. 4.
The eU RP model in Table 2 can readily be used to generate
simpler maps like Fig. 13 showing the likely locations of radon
affected and less affected areas but where no or very few indoor data
are currently available. The map in Fig. 13 takes account of the
conﬁdence intervals on estimates of RP in Table 2: radon affecteds used to generate group radon statistics in Table 2. Interval 0 (1.4 ppm) is blue and
e references to colour in this ﬁgure legend, the reader is referred to the web version of
Fig. 12. Radon potential map based on the eU RP200model in Table 2. Each colour represents the spatial extent of one of the 9 eU intervals in Table 2; spatially simpliﬁed according to
the scheme illustrated in Fig. 11.
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are 20% (red), and less affected areas are where the upper conﬁ-
dence limits on RP200 estimates are <20% (green). Inconclusive
areas arewhere 95% conﬁdence intervals straddle 20% (yellow). The
inconclusive areas are small because the condition RP200 ¼ 20% lies
at the steepest part of the curve in Fig. 8.6. The relative strengths of the eU and geology methods at
generating radon potential predictions in the Oslo area
We observe that the eU-based RP model in Table 2, Figs. 12 and
13 complements the model based directly on indoor data in Fig. 4
by offering qualiﬁed predictions of RP in the large areas where
radon data are sparse. An alternative method of doing this has
already been mentioned e using the relationship between mapped
geological settings and indoor radon data to generate a predictive
model for RP across Norway (Watson et al., this volume). We recallthat the eU model can account for approximately 72% of the vari-
ation in ln RP200 in the Oslo area, while the geologically controlled
model accounts for around 40% of the variation in ln RP200. In this
respect we consider AGRS eU data to be better than mapped ge-
ology at accounting for and therefore predicting differences in RP
across the Oslo area.
To further test this deductionwe compare the exactly equivalent
eU- and geology-based RPmaps in Figs. 13 and 14. In production of
the geology-based RPmap, if 30 or more radon data were available
for a local geological outcropping (map occurrence), local radon
statistics were generated and used for that entity, otherwise
national-scale radon statistics were generated for each unique
geological setting and used wherever that setting is found. The
geology-based RP map is blank (grey) in some areas because there
are too few radon observations from anywhere in Norway to
characterise the geological settings at those locations (n < 30). The
eU-based map is only blank outside the area covered by eU data.
Fig. 13. Map of radon affected areas (RP200 lower 95% conﬁdence limit  20%) and less affected areas (RP200 upper 95% conﬁdence limit < 20%) according to the eU model in Table 2.
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than the eUmodel. The reasonwhy the eUmodel is more successful
than the geology model at generating sound predictions of radon
affected areas is that there are many more different geological
settings in Norway than there are eU ranges in our eUmodel (set at
9, Table 2) and therefore that there are many fewer radon mea-
surements available to characterise each of the more numerous
geological settings. Another limitation of the geology model is that
geological rock type classiﬁcations are not based on uranium con-
tent and therefore some considerable within-type variation in
uranium content must be expected (compare Figs. 3 and 6; Dickson
and Scott, 1997). Granites are often but not always relatively rich in
uranium while gneisses may or may not include uranium rich
components because assignment to this rock type is based on
metamorphic history, not chemistry. This will weaken the associ-
ation between mapped geological entities and radon contamina-
tion in homes.
The AGRS approach also has its weaknesses. AGRS surveyingdetects radon in the upper 30 cm of the ground and the material in
this zone may not be representative of materials at greater depths
beneath and around dwellings where radon is most likely to enter
the structures. For example, near-surface materials like soils are
subject to chemical weathering processes that might preferentially
reduce uranium concentrations in the shallow subsurface layer,
leading to underestimation of the uranium contents of deeper
layers (Dickson and Scott, 1997). Also, the presence of waterlogged
ground and transported anthropogenic material like paving stones,
asphalt and building aggregates might mask the radon character-
istics of the materials below from AGRS measuring systems (e.g.
Beamish, 2014; IAEA, 2003).
AGRS systems detect radon that is both immobile, trapped in
near surface materials, and also shallow radon that is free to travel
through pore spaces and ﬁssures. It is the potentially mobile frac-
tion of radon in the ground that is important for radon entry into
homes. The size of the mobile fraction varies in different materials,
and therefore similar AGRS signals over different materials might
Fig. 14. Map of radon affected areas and less affected areas according to the geology model of Watson et al. (this volume).
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ground and enter buildings. It should also be noted that some of the
radon in shallow pore spaces detected by AGRS systems might not
have been generated there, but might have travelled there over
several metres or more from deeper sources.
The potentially complex permeability structure of the ground
volumes around dwellings, and the physical properties and usages
of the dwellings themselves control radon entry into the homes. For
example, radon entry into dwellings might be dominated by high
sub-surface ﬂow rates of radon charged air, as proposed for the
Kinsarvik area of Norway (Sundal et al., 2004a), and Eskers in
Finland (Hutri and M€akel€ainen, 1993; Arvela et al., 1994), where
more radon enters the structures than would be expected from the
amount of radon in the shallow sub-surface around them. Situa-
tions of this kind challenge the application of the AGRS method
locally, along with other RP mapping methods. There are clearly
many factors that inﬂuence and complicate any relationship that
might exist between radon detected by AGRS systems and theradon ﬂux between the ground and buildings. Nevertheless, in
most circumstances, if radon is able to enter a building from below,
there will also be radon in the near surface of the ground around
the building to be detected by airborne systems. This is backed up
by our ﬁnding that the eU model for the Oslo area accounts for a
signiﬁcant portion of the variation in RP across the region.
Consideration of the limitations of the AGRS approach tells us that
although the method explains a large portion of the variation in RP
overall, larger thanwe were able to achieve using mapped geology,
therewill be local areas where themodel prediction is inaccurate or
incorrect. This is something that all large scale RP assessments will
have in common and RP maps should be used with this in mind.7. Testing the performances of the eU and geology models at
predicting locally determined radon affected areas
The eU RP200 model (Table 2, Fig. 13) offers the same prediction
of radon potential wherever in the Oslo region the values of eU
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ogy model of Watson et al. (this volume) does the same (Fig. 14). It
is therefore interesting to test whether the model predictions are
consistent with local determinations of RP200 based on indoor data
located in 2  2 km squares. Only 150 2  2 km squares in the Oslo
area contain enough indoor radon data to make a local determi-
nation of RP200 (n  30). RP200 boundaries in the geology and eU
models pass through some of the 2  2 km squares, resulting in
different model RP200 predictions for different parts of the squares.
Where this happens, the model RP200 prediction occupying the
largest portion of the square was used. Table 3 summarises the
results of the analysis. Correct and incorrect local predictions are
shown as yellow and black squares respectively in Figs. 15 and 16.
The eUmodel correctly classiﬁed 89% of the 150 2 2 km squares as
radon affected or less affected. The geologymodel correctly classiﬁed
only 69% of the 150 local areas. This is because the geology model
was unable to make predictions in some parts of the Oslo area, and
was therefore less efﬁcient at detecting radon affected and less
affected areas at the 95% conﬁdence level. Where the two models
were able to make predictions, they were 88%e97% accurate
(Table 3).8. Implications for human exposure to radon in the Oslo area
We now consider the implications of the RP200 map constrained
by AGRS and indoor radon data (Fig. 12, Table 2) for human expo-
sure to radon in the Oslo area. A large portion of the Norwegian
population lives in the Oslo area. According to Statistics Norway's
ﬁgures, 1,878,194 people lived in the region in 2015. The radon
potential model offers an indication of radon potential across all of
the populated and unpopulated parts of the Oslo region (Figs. 1 and
2). The population resides in dwellings distributed between all 9
RP200 zones in the eU model (zones numbered 0 to 8 in order of
increasing eU concentration). The numbers of people residing in
each of these zones are listed in Table 2, column 2. The proportions
of the population residing in selected groupings of RP200 zones are
listed in Table 4.
It is important to recall that the RPmodel is based on indoor data
from living spaces e living rooms and bedrooms e on the ground
ﬂoors of different kinds of dwellings. This means that the RP values
in themodel refer to those kinds of inhabited spaces and not spaces
on other ﬂoors. This limits what we can say about the exposure to
radon in the population as a whole; however we perform calcula-
tions based on the RP model to demonstrate how an RP model can
be combined with population data to the beneﬁt of radon protec-
tion work.Table 3
The capacity of the eU and geology radonmodels to correctly classify locally identiﬁed rad
proportions of the eU and geology model predictions are consistent with the local direct
determinations are correctly identiﬁed by the eU and geology models.
Model Accuracy of predictions
Radon affected Less affected
Direct observation: Radon measurements analysed
in 2  2 km squares (n  30 in each square)
100%
34
direct obs.
100%
116
direct obs.
eU model prediction in 2  2 km squares (95%
conﬁdence)
91%
19 of 21 predictions
match direct obs.
88%
114 of 129
predictions m
direct obs.
Geology model prediction in 2  2 km squares (95%
conﬁdence)
88%
14 of 16 predictions
match direct obs.
97%
90 of 93 pred
match directIn Table 4 we present population statistics for a series of
different parts, or sub-areas, of the Oslo region RP200 model
(speciﬁed in column 1). The ﬁrst sub-area in the list is the whole
survey area, comprising all 9 radon zones in Table 2 and Fig. 12. The
fourth sub-area is what in Norway is termed the radon affected area
(RP200  20%) incorporating radon zones 6 to 8 in Table 2, Figs. 12,
and 13. The sixth and last sub-area includes radon zone 8 onlye the
most radon affected zone in the Oslo area model (Table 2, Fig. 12).
The sub-areas are in order of increasing RP200 and decreasing
geographic area down Table 4.
Given the spatial distribution of the population in relation to the
AGRS eU RP200 model, we estimate that between 10% and 13% of
households with ground ﬂoor living spaces have radon concen-
trations above the 200 Bq/m3 maximum limit (Table 4 sub-area 1).
If we divide the Oslo area into radon affected and less affected areas
(Table 4 sub-area 4), we expect between 31% and 38% of the homes
with ground ﬂoor living spaces in the affected area (Fig. 17) to be
above the action limit, while only 7%e9% of similar homes in the
less affected area are expected to exceed the same limit. This simple
division of the Oslo area into two parts (Figs. 13 and 17) results in a
strong separation in the rate of occurrence of affected homes of this
type. If we consider only the most radon affected zone of the model
(Table 4 sub-area 6) we estimate that most of the homes with
ground ﬂoor living spaces in the sub-area, between 56% and 72%, lie
above the maximum radon limit.
Table 5 resembles Table 4 but the threshold used in the RP
parameter is changed from 200 to 800 Bq/m3 (RP800, see also
Table 2). The purpose of this change is to consider what portion of
the ground ﬂoor living spaces are likely to have very high radon
concentrations e at least 8 times the action level for residential
buildings in Norway. The ﬁgures in Table 5 (sub-area 1) suggest that
between 0.6% and 1.3% of ground ﬂoor living spaces in the Oslo area
are strongly contaminated. It might be a goal of a survey to attempt
to identify homes with spaces like these as efﬁciently as possible. In
that case it would be very useful to know that according to our
RP800 model, 1 in 5 of the homes of this type in Table 5 sub-area 6
(zone 8 in Table 2, red in Fig. 12) are expected have radon con-
centrations as high as this or higher. This sub-area occupies only
1.2% of the populated area but is estimated to account for almost
10% of the incidences of very high radon concentrations in the
homes with ground ﬂoor living spaces.9. Increased efﬁciencies in the detection of radon affected
homes through strategic sampling
We have already seen that the AGRS eU constrained RP modelon affected and less affected areas. Table column accuracy of predictions indicates what
determinations. Efﬁciencies of detection indicate what proportions of all local direct
Efﬁciencies of detection
Affected plus less
affected
Radon affected Less affected Affected plus
less affected
100%
150
direct obs.
100%
34
direct obs.
100%
116
direct obs.
100%
150
direct obs.
atch
89%
133 of 150
predictions match
direct obs.
56%
19 of 34
direct obs.
detected
98%
114 of 116
direct obs.
detected
89%
133 of 150
direct obs.
detected
ictions
obs.
95%
104 of 109
predictions match
direct obs.
41%
14 of 34 direct
obs. detected
78%
90 of 116 direct
obs. detected
69%
104 of 150
direct obs.
detected
Fig. 15. The capacity of the eU model in Fig. 13 and Table 2 to correctly predict the locally determined radon potentials of 150 square areas measuring 2  2 km each (Table 3). 133
yellow squares: eU model predictions for the squares are consistent with local radon data. 17 black squares: model predictions are inconsistent with local radon data. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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indoor radon contamination. It is therefore clear that indoor radon
measurement programmes might beneﬁt from use of the model.
We have already indicated how sampling within zone 8 in the
model (Table 2, Fig. 12) might increase the detection rate of very
high radon contamination levels in dwellings with ground ﬂoor
living spaces by 25 times (Table 5 bottom row). We will now work
through an example radon survey design aimed at detecting the
greatest number of homes with radon concentrations above the
Norwegian maximum limit of 200 Bq/m3. Unfortunately, our cur-
rent RP model only allows us to draw conclusions on ground ﬂoor
living spaces and not a cross section of all dwelling types, but we
will perform the calculation anyway to show how RP models and
population distributions can be combined to design targeted radon
surveys. If the budget permits the measurement of 5000 homes
with ground ﬂoor living spaces, the expected efﬁciency beneﬁts ofmeasuring in different target areas are listed in Table 4. Deciding on
a moderate level of targeting, one might sample within sub-area 4,
the radon affected area, depicted in Fig. 17. From Table 4 one would
expect between 1350 and 1650 of the 5000 homes to have ground
ﬂoor living spaces above the maximum limit of 200 Bq/m3. That
would be approximately 4 times as efﬁcient as random sampling of
the same housing type across the entire Oslo area. In this targeting
example one would select homes randomly from within the radon
affected area which would tend to concentrate the new measure-
ments in the most populated parts of it coloured red in Fig. 17. The
unpopulated part of the radon affected area (the dark grey area) is
technically not currently radon affected, but might be expected to
become so if appropriate radon mitigation measures were not
effectively implemented in new residential buildings.
If the goal of a substantial programme of indoor radon surveys is
to reduce radon contamination in dwellings in the radon affected
Fig. 16. The capacity of the geology model in Fig. 14 to correctly predict the locally determined radon potentials of 150 square areas measuring 2  2 km each (Table 3). 104 yellow
squares: geology model predictions for the squares are consistent with local radon data. 5 of the 46 black squares: model predictions are inconsistent with local radon data. 41 of the
46 black squares: model makes no prediction at these locations. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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region (8%  200 Bq/m3), authorities would have to measure radon
levels in 76% of the homes (with ground ﬂoor living spaces) in the
radon affected area (yellow to red in Fig. 17). This assumes that
homes discovered to have radon levels above the maximum level
are successfully remediated and no new contaminated homes are
added to the housing stock during the initiative. The measured
homes (all inside the radon affected area) would comprise 8.6% of
the relevant housing stock across whole Oslo area, with a ﬁnd-rate
of 1 in 3 (Table 4).10. Discussion
Several questions arise from our analysis: why does the AGRS
mapping method work well in the Oslo area, could this methodwork equally well anywhere else, and how would one use AGRS
and other techniques together to best effect on a national scale?We
will consider these questions in the following discussion.
AGRS works well in the Oslo area because of the complex
juxtaposition of uranium-rich and uranium-poor rock types in the
area, as well as the strong variability in overburden thickness and
permeability. The black Alum Shale is uranium rich, thin, strongly
folded and complex in outcrop (Andersson et al., 1985; Stranden
and Strand, 1988; Nordic, 2000; Schovsbo, 2002). Geological map-
ping and AGRS surveying both identify outcrops of the Alum Shale,
however the AGRS method differentiates between black shales
with more and less uranium content, and clearly indicates areas
where uranium rich Alum Shale has been dragged by glacial activity
to be incorporated into superﬁcial deposits resting on other sedi-
mentary rocks that would under most other circumstances suggest
Table 4
The proportions of homes in the Oslo area located within the different RP zones in the eUmodel (Table 2 and Fig. 12). Because our RPmodel is based on indoor radon data from
the ground ﬂoors of dwellings, the proportions of affected homes in the table refer to this particular type of dwelling only, not all homes.
Sub-areas in order of
increasing radon potential (for
zones see Table 2)
Population/
Homes
2015 (%)
Affected homesa
inside sub-area
(%  200 Bq/m3)
Affected homesa
outside sub-area
(%  200 Bq/m3)
Affected homesa inside sub-
area as percentage of all
affected homesa (%)
5000 homesa
selected randomly
from sub-area.
Number of homesa
found 200 Bq/m3
Increased detection
efﬁciency through
sampling in sub-area
Whole mapped area
Zones 0 to 8
100.0 11.4 (10.2e12.7) 0.0 (0.0e0.0) 100.0 (100.0e100.0) 570 (509e633) of
5000
N/A
Zones 4 to 8 (eU  2.8 ppm) 42.9 18.4 (16.6e20.3) 6.2 (5.4e6.9) 69.1 (68.9e69.8) 918 (829e1016) of
5000
1.6 
Zones 5 to 8 (eU  3.4 ppm) 15.8 30.1 (27.3e33.0) 7.9 (7.0e8.8) 41.8 (41.2e42.4) 1506 (1366e1651)
of 5000
2.6 
Radon affected Area (At least
20% of homes  200 Bq/m3)
Zones 6 to 8 (eU  3.9 ppm)
Figs. 13, 15 and 17
11.4 34.5 (31.5e37.6) 8.4 (7.4e9.4) 34.6 (33.9e35.3) 1727 (1576e1882)
of 5000
3.0 
Zones 7 and 8 (eU  5.0 ppm) 4.3 42.1 (38.3e46.0) 10.0 (8.9e11.1) 16.0 (15.8e16.3) 2106 (1913e2300)
of 5000
3.7 
Zone 8 (eU  8.5 ppm) 0.4 64.5 (56.0e72.3) 11.2 (10.0e12.4) 2.2 (2.2e2.2) 3225 (2800e3615)
of 5000
5.7 
a Homes with living spaces on the ground ﬂoor.
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Equivalents to the Alum shale crop out in Sweden, Denmark and
Estonia (Thickpenny, 1984; Andersson et al., 1985; Berg-Madsen,
1985; Schovsbo, 2002; Schovsbo et al., 2011; Hade and Soesoo,
2014). AGRS surveying clearly performs well in this circumstance.
There are a large number of major cross-cutting intrusive bodies
with variable internal properties in the Oslo Rift (Slagstad, 2006;
Bingen et al., 2008) that may or may not present a radon hazard.
Reliable characterisation of these in terms or uranium content and
spatial extent can only be done through an extensive programme of
sampling and geochemical analysis, or quickly and efﬁciently
through airborne mapping. It should be noted that AGRS surveying
acquires approximately 80% of its signal from an area on the ground
200 m across (sensor elevation 60 m) which offers a useful level of
averaging (compared with the testing of small soil and rock sam-
ples) when attempting to differentiate between local metre-scale
variation in uranium content and larger scale variation associated
with, say, different parts of composite igneous intrusion or different
kinds of superﬁcial deposits. AGRS surveying differentiated well
between uranium rich and poor elements of the Oslo Rift.
Ancient geological provinces, like those on either side of the
Oslo Rift (Fig. 6) may comprise strongly metamorphosed and
deformed rocks mapped broadly as gneisses without speciﬁc
attention to internal variation in uranium content. Potentially, all of
the variation in uranium content across the geological rock type
spectrum might be present in a basement complex mapped as
undifferentiated gneisses. AGRS measurements in the Oslo area
proved very effective at differentiating between gneisses with
different uranium contents.
The answer to the second question is straightforward; the AGRS
method should work well in countries like Norway where indoor
radon measurements and soil gas measurements are in short
supply, where geological classiﬁcations might not be particularly
sensitive to uranium content, where the type of geology suggests
that there are likely to be distinct spatial contrasts in shallow sub-
surface radon concentrations, and where complex geological
provinces might only be mapped in generalised terms so that local
but very signiﬁcant uranium rich rock units are not isolated. This
means that most countries in the world could usefully apply the
AGRS technique to radon mapping, at least in some part of their
territory.
How would AGRS measurements ﬁt in to a national radonmapping strategy? A radon mapping strategy might be seen as
having two parts: obtaining a reliable map of radon in the ground, a
geogenic radon map, and generating a map showing how radon is
expected to present to the population. The AGRS equivalent ura-
niummap in Fig. 3 shows where short-lived radon daughter 214Bi is
present in the ground in different amounts and can just as well be
regarded as an equivalent (geogenic) radon map. Producing a
calibration factor for radon is possible, but its usefulness is limited
because we would still not be able to say how much radon is
trapped in and onmaterials and moisture in the ground, howmuch
is in soil gas free to move, and how radon is distributed vertically in
the ground e all of which are important properties in radon hazard
evaluation. Clearly an AGRS equivalent radon map offers an
unparalleled ﬁrst-order view of shallow radon on the large scale,
for example on the scale of Fig. 3, but such a map needs support
from ground-truthing if the dynamics of radon in different
geological settings is to be understood. Ground-truthing would
include direct measurement of radon in soil gas, radon exhalation
measurements, and measurements of uranium in rocks and su-
perﬁcial deposits.
In this contribution, how radon presents to the population is
expressed in map form using the RP parameter e the percentage of
homes expected to have radon concentrations above a threshold
value at a given probability. Fig. 4 is derived from indoor radon data
alone and offers incomplete coverage of the populated area. Fig. 12
is derived from indoor and AGRS data combined. Addition of the
AGRS data allows estimation RP across the entire area (Table 4,
Table 5, Fig. 17). This hybrid map also identiﬁes potential future
radon problem areas where no homes currently exist (Fig. 17). So, if
geological conditions justify use of AGRS mapping, the AGRS data
can be involved in both geogenic radon mapping and RP mapping.
Watson et al. (this volume) and others (e.g. Miles and Appleton,
2005; Appleton and Miles, 2010) have shown that mapped geology
can be combined with indoor radon measurements to produce
useful RP maps describing where radon is likely to impact the
population (e.g. Fig. 14). The advantage of this method is that most
countries have full coverage of relevant geological maps, and in-
door data to calibrate them. It follows that mapped geology cor-
relates with radon in the ground and can be used as postulate
geogenic radon maps.
In Norway, then, we might consider RP maps derived from in-
door data alone and from AGRS data, and geological data, to all
Fig. 17. Population distribution within the area classiﬁed as radon affected (eU model; Fig. 13). Less affected areas are depicted in light grey. Only about half of the area classiﬁed as
radon affected is currently inhabited (yellow to red e sparsely to densely populated). This inhabited portion is the target area for the strategic radon survey described in the text.
Special attention should be paid to radon-prooﬁng new-builds in both the populated part of the radon affected area (yellow to red) and equally importantly the hitherto unpopulated
part (dark grey). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Currently, indoor data may offer very precise estimates of radon
potential in places, and no indication at all elsewhere. This is sup-
ported in places on the regional scale by estimates based on AGRS
mapping, and on the national scale by geological modelling.11. Conclusion
We have generated a RP map for the Oslo area by combining
indoor radon measurements with airborne gamma ray spectrom-
eter survey data. Our work suggests that this map offers the best
overall indication of radon hazard across the area. RPs vary widely
from one place to another due to the complex nature of the geology
of the region. We use the model to outline radon affected and less
affected parts of the region. In the radon affected area, between 31%and 38% of homes with ground ﬂoor living spaces exceed the
maximum limit of 200 Bq/m3, while only 7%e9% of similar homes
outside this area exceed the same limit. The model is therefore very
efﬁcient at separating areas with contrasting levels of radon
contamination. To demonstrate one of the uses of this information
in radon protection, we estimate the likely efﬁciency beneﬁts of
focusing indoor radon measuring programmes in the worst
affected parts of the region, especially to aid in the search for the
small percentage of homes that are highly affected by radon. We
ﬁnd that both AGRS data and digital mapped geology can be used
effectively to support radiation protection work in Norway; the
AGRS data where geological conditions in more populated regions
merit its use, and geology on a national scale (Watson et al., this
volume). The beneﬁts are particularly good in Norway where
much of the population is widely dispersed and available indoor
Table 5
Current rates of exposure to unusually high levels of radon in the Oslo area according to the eU model (%  800 Bq/m3; Table 2).
Sub-areas in order of
increasing radon
potential (for zones see
Table 2)
Population/
Homes
2015 (%)
Affected homesa
inside sub-area
(%  800 Bq/m3)
Affected homesa
outside sub-area
(%  800 Bq/m3)
Affected homesa inside
sub-area as percentage of
all affected homesa (%)
5000 homesa
selected
randomly from
sub-area.
Number of
homesa found
800 Bq/m3
Increased
detection
efﬁciency
sampling in sub-
area
Very high values
(800 Bq/m3) as a
percentage of all
values  200 Bq/m3
Whole mapped area
Zones 0 to 8
100.0 0.8 (0.6e1.3) 0.0 (0.0e0.0) 100.0 (100.0e100.0) 42 (28e66) of
5000
N/A 7.4
Zones 4 to 8
(eU  2.8 ppm)
42.9 1.8 (1.2e2.6) 0.1 (0.1e0.4) 91.4 (83.6e91.8) 89 (60e129) of
5000
2.3  9.7
Zones 5 to 8
(eU  3.4 ppm)
15.8 3.8 (2.7e5.3) 0.3 (0.2e0.6) 72.0 (63.1e77.3) 191 (137e264)
of 5000
4.8  12.7
Radon affected Area (At
least 20% of
homes  200 Bq/m3)
Zones 6 to 8
(eU  3.9 ppm)
Figs. 13, 15 and 17
11.4 4.7 (3.4e6.3) 0.3 (0.2e0.7) 63.7 (54.5e69.4) 234 (170e316)
of 5000
5.9  13.5
Zones 7 and 8
(eU  5.0 ppm)
4.3 7.4 (5.5e10.0) 0.5 (0.3e0.9) 38.4 (32.6e42.8) 372 (276e498)
of 5000
9.3  17.7
Zone 8 (eU  8.5 ppm) 0.4 19.9 (13.8e27.6) 0.8 (0.5e1.2) 9.3 (8.2e9.7) 995 (690e1380)
of 5000
24.9  30.9
a Homes with living spaces on the ground ﬂoor.
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everywhere. If the AGRS data or digital geology maps can be shown
to relate to parameters like RPwhere indoor data are available, they
can be used in land-use planning to predict where serious radon
issues might develop under future residential development of the
landscape. In Norway radon conditions vary signiﬁcantly locally
and this feature of the approach is very important.
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